Most animal spinal cord injury models involve a laminectomy, such as the weight drop model or the transection model. However, in clinical practice, many patients undergo spinal cord injury while maintaining a relatively complete spinal canal. Thus, open spinal cord injury models often do not simulate real injuries, and few previous studies have investigated whether having a closed spinal canal after a primary spinal cord injury may influence secondary processes. Therefore, we aimed to assess the differences in neurological dysfunction and pathological changes between rat spinal cord injury models with closed and open spinal canals. Sprague-Dawley rats were randomly divided into three groups. In the sham group, the tunnel was expanded only, without inserting a screw into the spinal canal. In the spinal cord injury with open canal group, a screw was inserted into the spinal canal to cause spinal cord injury for 5 minutes, and then the screw was pulled out, leaving a hole in the vertebral plate. In the spinal cord injury with closed canal group, after inserting a screw into the spinal canal for 5 minutes, the screw was pulled out by approximately 1.5 mm and the flat end of the screw remained in the hole in the vertebral plate so that the spinal canal remained closed; this group was the modified model, which used a screw both to compress the spinal cord and to seal the spinal canal. At 7 days post-operation, the Basso-Beattie-Bresnahan scale was used to measure changes in neurological outcomes. Hematoxylin-eosin staining was used to assess histopathology. To evaluate the degree of local secondary hypoxia, immunohistochemical staining and western blot assays were applied to detect the expression of hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial growth factor (VEGF). Compared with the spinal cord injury with open canal group, in the closed canal group the Basso-Beattie-Bresnahan scores were lower, cell morphology was more irregular, the percentage of morphologically normal neurons was lower, the percentages of HIF-1αand VEGF-immunoreactive cells were higher, and HIF-1α and VEGF protein expression was also higher. In conclusion, we successfully established a rat spinal cord injury model with closed canal. This model could result in more serious neurological dysfunction and histopathological changes than in open canal models. All experimental procedures were approved by the Institutional Animal Care Committee
Introduction
Spinal cord injury (SCI) is one of the most important causes of severe disability worldwide, and can lead to permanent neurological dysfunction, costly health expenses, and large social burdens. It is reported that approximately 2.5 million individuals suffer from SCI, and more than 130,000 new SCIs occur every year (McLean, 2013; Dalbayrak et al., 2015; Jain et al., 2015) . Therefore, the study of the pathophysiology of SCI, including primary and secondary injuries, is important to reduce neurological dysfunction (Oyinbo, 2011; Witiw and Fehlings, 2015; Ahuja et al., 2017a, b; Rouanet et al., 2017; Sweis and Biller, 2017; Cheng et al., 2019) . Recently, many studies have focused on secondary SCI, and have reported that the secondary phase features a continuation of some of the events from the acute phase, such as electrolyte shifts, edema, and necrotic cell death, as well as some novel events, including the formation of free radicals, hypoxia, delayed calcium influx, inflammation, and apoptotic cell death (Oyinbo, 2011; Witiw and Fehlings, 2015; Ahuja et al., 2017a, b) .
In the clinic, many patients undergo an SCI while maintaining a relatively complete spinal canal, such as in an SCI without radiological abnormality or a spinal cord contusion injury without fractures (Szwedowski and Walecki, 2014; Acker et al., 2016; Dixon, 2016; Asan, 2018; Atesok et al., 2018; Wang et al., 2019) , and there is usually no obvious spinal cord compression caused by fractures and/or dislocation after primary SCI (Aito et al., 2007; Bracken, 2012; Jin et al., 2017) . Therefore, secondary SCI in the complete spinal canal might affect the neurological recovery in those patients. Currently, most animal SCI models involve breaking the completeness of the spinal canal, such as in the water drop compression model, transection model, and semi-transection model. All of these animal models are different from the SCI with complete spinal canal that is commonly seen in clinical practice (Cheriyan et al., 2014; Forgione et al., 2014; Lukovic et al., 2015; Mondello et al., 2015) . Laminectomy in these SCI models may reduce pressure in the spinal canal, thus further improving local blood circulation and relieving the pathophysiological processes of the secondary SCI (Cheriyan et al., 2014; Ramadan et al., 2017) . However, little attention has been paid to whether or not it is necessary to use animal models with complete spinal canals to study secondary SCI. Therefore, we aimed to create an SCI model with a closed spinal canal in rats to further investigate the differences in neurological dysfunction and pathological changes between SCI models with open and closed spinal canals, and to study the possible mechanisms for these differences.
Materials and Methods

Animals
All experimental procedures were approved by the Institutional Animal Care Committee of Shanghai Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine, China (HKDL201810) on January 30, 2018. Twenty-four healthy adult male Sprague-Dawley rats aged 10 months and weighing 500 g were obtained from the Animal Laboratory of Shanghai SLAC Co., Shanghai, China (animal license No. SCXK (Hu) 2012-0002). All rats were fed on a 12-hour lightdark cycle with water and food available ad libitum. The experimental procedure followed the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) .
Surgical approach and groups
All rats were intraperitoneally anesthetized with 3% sodium pentobarbital (1 mL/kg) and placed in a prone position. After sterilizing with povidone-iodine, skin preparation and sterile dressing were performed at the surgical thoracolumbar area. A 3 cm incision was cut in the middle of the thoracolumbar level. The skin and subcutaneous tissues were sequentially incised. The muscles around the spinous processvertebral plate were bluntly dissected and the half spinous process of T9 was removed using a rongeur. The vertebral plate was drilled using Kirschner wire (diameter 1 mm). The tunnel was expanded with a flat Kirschner wire (diameter 1.5 mm). The flat screw (diameter 1.5 mm, length 3.5 mm) was then tapped using a screwdriver (the location of the inserting screw is shown in Figure 1A ). During advancement of the flat screw, cortical somatosensory evoked potentials were monitored using an established method (Morris et al., 2013; Sun et al., 2016) . Establishment of the model was considered successful when the amplitude was decreased to 25-30% of the normal range and the latency was prolonged < 10% (Sun et al., 2016) . All rats were randomly divided into three groups. In the sham group (n = 8), the tunnel was expanded only, without inserting the screw into the spinal canal. In the SCI with open canal (SCIO) group (n = 8), after inserting the screw into the spinal canal to cause SCI for 5 minutes, the screw was pulled out, leaving a hole (Φ1.5 mm) in the vertebral plate. In the SCI with closed canal (SCIC) group (n = 8), the screw was inserted into the spinal canal for 5 minutes, and then the screw was pulled out approximately 1.5 mm, leaving the flat end of the screw in the hole of the vertebral plate to keep the spinal canal closed (Figure 1B and C) . Preliminary tests showed that, in lateral X-rays of a 10-monthold rat, the sagittal diameter of the spinal canal was approximately 3.26 mm, and the sagittal diameter of the lamina was approximately 0.46 mm. Therefore, the flat end of the screw could be controlled to avoid invading the spinal canal space. Finally, the peripheral muscles and skin were sutured, and the wound was disinfected.
Electrophysiological monitoring during screw insertion
A sensory evoked potential device (Haishen, Shanghai, China) was connected to the rats (Morris et al., 2013; Sun et al., 2016) . Briefly, the exciting electrodes were inserted into the fibular head subcutaneously, and one constant current pulse with a width of 0.2 ms and a frequency of 2.7 Hz was used to excite the tibial nerve. Another electrode was inserted subcutaneously into the skull to record evoked potentials. At a bandwidth of 2 to 2000 Hz, 200 cortical somatosensory evoked potentials were averaged and replicated. When the screw was inserted in the spinal canal, cortical somatosensory evoked potentials were constantly monitored in all rats. The screwing process was stopped once the evoked potential amplitude was decreased to 25-30% of the normal range, and the latency was prolonged < 10%.
Examination time
According to previous studies, changes in neurological function, pathology, and the expression of hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial growth factor (VEGF) reach a maximal level in the injured spinal cord at 7 days after SCI (Lonjon et al., 2010; Chen et al., 2013) . Therefore, we chose 7 days post-operation to conduct the following examinations, including the Basso-Beattie-Bresnahan (BBB) scale score, hematoxylin-eosin staining, immunohistochemistry, and western blot assay.
BBB scale
A behavioral test for hind limb motor function was performed, and this was assessed using the BBB motor rating scale (Basso et al., 1995) . This BBB scale was based on motor ability following SCI in a rat model. Briefly, the BBB scale is a 22-point scale from 0 to 21. Zero points indicate no observable hind limb movement, and 21 points indicate a sustained coordinated gait with consistent trunk stability and a parallel paw placement of the limbs. Two independent observers, blinded to the experiment, scored the locomotion, and the means of the two scores were calculated.
Hematoxylin-eosin staining
After examining neurological function, all rats were given intraperitoneal anesthesia (3% sodium pentobarbital, 1 mL/kg) and routinely sacrificed. Compressive spinal cord levels, showing a compressive imprint under the screw drill hole, were completely removed. Four randomly chosen specimens were fixed and kept in 4% paraformaldehyde overnight for post-fixation. After dehydration, the spinal cord was embedded in paraffin. Serial coronal sections were collected at 5 μm thickness, and five non-serial slices of each specimen were randomly selected for hematoxylin-eosin staining using well-established methods. Briefly, sections were stained with hematoxylin for 5 minutes followed by 5 dips in 1% acid ethanol (1% HCl in 70% ethanol) and then rinsed in distilled water. The sections were stained with eosin for 3 minutes, followed by dehydration in an alcohol gradient and clearing in xylene. Images were taken using an inverted microscope (Eclipse T3-S; Nikon, Tokyo, Japan) by two independent observers blinded to the experiment. All neurons were counted in each section of embedded spinal cord specimen. Morphologically normal neurons exhibited normal morphology, with uniformly stained cytoplasm and clear karyosomes. The percentage of morphologically normal neurons (%) was equal to the number of morphologically normal neurons/the total number of neurons. The mean number was obtained from counts by two observers.
Immunohistochemistry and image analysis
Five non-serial paraffin-embedded sections of the spinal cord were also subjected to immunohistochemical staining. Briefly, tissue sections of 5 μm were deparaffinized, rehydrated in a series of descending concentrations of ethanol, and underwent antigen retrieval (20 minutes of microwave irradiation in 0.1 M phosphate-buffered saline, pH 7.4). Endogenous peroxidases were blocked using 3% H 2 O 2 . After three rinses in phosphate-buffered saline for 5 minutes each, non-specific binding was blocked by incubating in 10% normal rabbit serum for 30 minutes at room temperature. Sections were then incubated with primary polyclonal HIF-1α antibody (1:800 dilution; Affinity Biosciences, Cincinnati, OH, USA) and primary polyclonal VEGF antibody (1:300 dilution; Affinity Biosciences) overnight at 4°C, followed by incubation with secondary goat anti-rabbit IgG (1:200 dilution; DAKO, Glostrup, Denmark) labeled with horseradish peroxidase at room temperature for 1 hour. Negative controls were used, in which IgGs replaced the primary antibody at an equal protein concentration. Immunoreactivity was visualized using the diaminobenzidine (DAB) chromogenic reagent (DAKO). Sections were counterstained with hematoxylin. Images were taken on an inverted microscope (Eclipse T3-S; Nikon) by two independent observers blinded to the experiment. All neurons were counted in each section of embedded spinal cord specimen. The percentage of HIF-1α-and VEGF-immunoreactive cells was equal to the number of immunoreactive cells/the total number of neurons, and mean scores were obtained from counts by two observers (Wang et al., 2014) .
western blot assay
Additional four specimens were used for western blotting. For protein sample collection, total injured spinal cord tissue was homogenized and extracted using RIPA buffer (Beyotime, Nanjing, China). Protein concentration was measured using a BCA protein assay kit (Beyotime) according to the manufacturer's instructions. Similar amounts of protein lysate (6 μL) were separated using a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred onto polyvinylidene fluoride (Millipore, Bedford, MA, USA) membranes. The polyvinylidene fluoride membranes were blocked with 5% fat-free powdered milk for 2 hours at room temperature. The membranes were then incubated with respective primary antibodies overnight at 4°C, which consisted of primary rabbit polyclonal HIF-1α antibody (1:1000 dilution; Affinity Biosciences), primary rabbit polyclonal VEGF antibody (1:1000 dilution; Affinity Biosciences), and β-actin (1:1000 dilution; Affinity Biosciences). After incubating with the secondary polyclonal goat anti-rabbit IgG (diluted 1:3000 in tris-buffered saline with Tween; Affinity Biosciences) at room temperature for one hour, the bands were observed using ECL plus reagent (THERMO, San Jose, CA, USA). Finally, the ratio of optical density values between HIF-1α, VEGF, and β-actin bands, which was used as an indicator of objective protein expression, was measured using AlphaEase FC software (Alpha Innotech, San Leandro, CA, USA).
Statistical analysis
Statistical analysis was performed using SPSS software version 19.0 (IBM, Armonk, IL, USA). All results are represented as the mean ± SD. Intraoperative cortical somatosensory evoked potential outcomes, neurological outcomes, the percentage of morphologically normal neurons, and the percentage of HIF-1α-and VEGF-immunoreactive cells were analyzed using one-way analysis of variance followed by the Bonferroni correction in various groups. P < 0.05 was regarded as statistically significant.
Results
Cortical somatosensory evoked potential outcomes
As shown in Figure 2 , there were no significant differences in evoked potential amplitudes and latencies between the SCIO and SCIC groups, indicating that the degree of primary injury was similar between the two groups.
Neurological outcomes
In the sham group, rats did not exhibit symptoms of neurological impairment following surgery, and the mean BBB score was 21. Rats showed various degrees of neurological dysfunction in the SCIC and SCIO groups. The BBB score was significantly lower in the SCIC group than in the SCIO group from 1 day to 7 days post-operation (Figure 3) .
Histological outcomes
In the sham group, the morphology of the spinal cord was well maintained, and neurons exhibited normal morphology, with uniformly stained cytoplasm, clear karyosomes, and few vacuolar changes. In the SCIO group, the morphology of the spinal cord was irregular. The percentage of morphologically normal neurons was slightly decreased. Cell nuclei presented mild pyknosis, and vacuolization was apparent in the cytoplasm. In addition, the injured spinal cord exhibited glial proliferation. In the SCIC group, the morphology of the spinal cord was very irregular, and the percentage of morphologically normal neurons was markedly decreased. Cell nuclei presented obvious pyknosis, and the injured spinal cord exhibited obvious glial proliferation. The percentage of morphologically normal neurons was 79.65 ± 2.97% in the sham group, 49.64 ± 3.11% in the SCIO group, and 25.84 ± 1.84% in the SCIC group, respectively. There were significant differences between each of the groups (P < 0.05; Figure 4 ).
Immunohistochemical and western blot outcomes
Immunoreactive cells were stained yellow and could be observed in the spinal cord (Figure 5) . Few immunoreactive cells were seen in the sham group. The percentage of HIF-1α-immunoreactive cells was 7.89 ± 1.65% in the sham group, 51.87 ± 2.82% in the SCIO group, and 64.73 ± 2.88% in the SCIC group, respectively; in addition, there were significant differences between each of the groups (P < 0.05). The percentage of VEGF-immunoreactive cells was 5.31 ± 1.17% in the sham group, 34.09 ± 1.85% in the SCIO group, and 44.17 ± 2.17% in the SCIC group, respectively; there were also significant differences between each of the groups (P < 0.05). The results of western blot assay also showed that HIF-1α and VEGF expression was increased in the SCIC group compared with the sham and SCIO groups (Figure 6 ).
Discussion
The results from tests of neurological function and histopathological changes in our study indicate a more serious degree of SCI in the SCIC group compared with the SCIO group, suggesting that a closed spinal canal might result in severe secondary SCI after the same degree of primary SCI. So far, several animal SCI models have been developed, and these can be classed into open laminectomy and closed compression models (Hashimoto and Fukuda, 1990; Lee et al., 2008; Cao et al., 2014; Cheriyan et al., 2014; Forgione et al., 2014; Lukovic et al., 2015; Mondello et al., 2015; Su et al., 2015; Cheng et al., 2016; Paterniti et al., 2018) . Laminectomy models have been widely used in previous studies because they involve an easy operation and have good efficacy, but these models may not be suitable for studying SCI without spine fracture and/or dislocation, which is common in clinical practice (Cheriyan et al., 2014; Forgione et al., 2014; Lukovic et al., 2015; Mondello et al., 2015) . Subsequently, some authors have described closed compression models of SCI without laminectomy, including balloon inflation and screw compression models; these can ensure the completeness of the spinal canal (Hashimoto and Fukuda, 1990; Purdy et al., 2003; Lee et al., 2008; Cao et al., 2014; Yang et al., 2017) . Among these, the screw compression models, first described by Hashimoto in 1990 , are popular for use in small animals, with the advantages of being a convenient operation that involves no radiation exposure and has a low experimental cost; however, this model is usually used to establish chronic SCI by gradually inserting the screw into the spinal canal (Hashimoto and Fukuda, 1990) .
In the present study, a flat screw was used to establish a rat compression SCI model without laminectomy, and cortical somatosensory evoked potential monitoring was used to ensure reliable spinal cord compression. In contrast to animal SCI models with laminectomy, the insertion of the screw should be performed with great care to ensure the integrity of the lamina. In addition, too small animals are not suitable because their vertebral plates are easily broken. Furthermore, to accurately analyze secondary injuries and avoid the influence of the remaining screw on spinal canal volume in the SCIC group, we conducted a preliminary experiment to evaluate the relevant bone parameters before the present experiment was performed. Thus, we believe that the different results between the SCIO and SCIC groups might originate from secondary injury caused by a closed spinal canal.
Secondary SCI is always caused by spinal swelling, and the hemorrhaging of small blood vessels in the spinal canal. All of these factors can increase the intraspinal pressure in the limited space of the canal, which then reduces blood flow in the spinal cord, further resulting in local hypoxia (Leonard et al., 2015) . Local hypoxia might lead to increased intracellular free Ca 2+ , oxygen free radicals, mitochondrial dysfunc- tion, lysosomal damage, apoptosis, and immune inflammation damage, which would ultimately increase tissue injury and worsen functional outcomes (Oyinbo, 2011; Chen et al., 2013; Yang et al., 2013; Gurer et al., 2015; Saxena et al., 2015; Wang et al., 2016) . Because the whole spinal canal is not completely closed, inflammatory reactions in the injured spinal cord can be metabolized by the circulation of cerebrospinal fluid through the spinal canal. However, the inflammatory reactions that are metabolized through the spinal canal may be relatively slow, leading to continuous high pressure and hypoxia in the injured spinal cord for a period of time.
We hypothesize that, in the open model, decompression of the lamina at the site of the SCI may rapidly reduce intraspinal pressure at the injured spinal cord and quickly relieve local hypoxia. This may be the main reason why the BBB score was decreased in the SCIC group compared with the SCIO group at 1 day post-operation: because the secondary SCI might occur immediately after injury, and the corresponding symptoms of nerve injury may then occur within hours (Rajz et al., 2015; Raasck et al., 2017) .
In the present study, HIF-1α and VEGF were used to indicate hypoxic changes after SCI (Greijer and van der Wall, 2004; Xiaowei et al., 2006; Ahluwalia and Tarnawski, 2012; Souvenir et al., 2014; Long et al., 2015) . Previous studies have reported that the transcription and subsequent translation of HIF-1α and VEGF are increased under hypoxic conditions, further improving angiogenesis and correcting local circulation disorders (Greijer and van der Wall, 2004; Xiaowei et al., 2006; Ahluwalia and Tarnawski, 2012; Souvenir et al., 2014; Long et al., 2015; Wu et al., 2016) . In our study, the expression of HIF-1α and VEGF was significantly higher in the SCIC group than in the SCIO group, indicating severe local hypoxia in the closed spinal canal after SCI.
There were some limitations to our study. First, we only compared the differences in neurological outcomes and histopathological changes between SCIC and SCIO groups, and preliminarily analyzed the characters of secondary SCI in these two groups, followed by a discussion of one possible mechanism: a hypoxic condition. However, further investigations should include a thorough study of the preliminary mechanisms and improve the standard of closed SCI models. Second, based on ethical demands, we only selected one time point to study, and subsequent research should be performed to add observational time points. Finally, if the BBB score of rats could be evaluated immediately after awakening from anesthesia and compared between the SCIO and SCIC groups, the severity of the primary SCI would be better reflected. However, because tolerance to anesthetics differed between rats, the awakening period was difficult to be defined, and further studies are required to address this problem.
In conclusion, the rat SCI model with closed spinal canal could result in more serious neurological dysfunction and histopathological changes compared with the open SCI model, and hypoxia may play a role in this process, at least to some extent. Thus, research into secondary SCI with a relatively completed canal could use this SCI model with closed canal to more accurately reflect clinical practice. 
